Neutron total scattering of disordered crystalline materials provides direct experimental access to the local (short-range) structure. The ways in which this local structure agrees (or disagrees) with the long-range crystal structure can provide important insight into structure-property relationships. High-pressure neutron diffraction using a Paris-Edinburgh (P-E) pressure cell allows experimenters to explore the ways in which materials are affected by pressure, can reveal new synthetic routes to novel functional materials and has important applications in many areas, including geology, engineering and planetary science. However, the combination of these two experimental techniques poses unique challenges for both data collection and analysis. In this paper it is shown that, with only minor modifications to the standard P-E press setup, high-quality total scattering data can be obtained from crystalline materials in the gigapascal pressure regime on the PEARL diffractometer at ISIS. The quality of the data is assessed through the calculation of coordination numbers and the use of reverse Monte Carlo refinements. The time required to collect data of sufficient quality for detailed analysis is assessed and is found to be of the order of 8 h for a quartz sample. Finally, data from the perovskite LaCo 0.35 Mn 0.65 O 3 are presented and reveal that PEARL total scattering data offer the potential of extracting local structural information from complex materials at high pressure.
Introduction
Using Rietveld methods to extract structural information from powder diffraction data is familiar to most structural scientists and is undeniably powerful. However, it is increasingly recognized that this average picture may not be sufficient to fully understand the structure of disordered, defective and/or complex systems (Billinge & Levin, 2007; Billinge, 2008; Young & Goodwin, 2011; Malavasi & Mancini, 2015) . The technique of 'total scattering', where Bragg and diffuse scattering are measured and analysed simultaneously, can provide a bridge between local (short-range) and average (long-range) structure (Dove et al., 2002) . A total scattering measurement involves careful normalization and correction of a diffraction pattern to remove non-sample scattering and place the data on an absolute scale. Once obtained, the total scattering function can be Fourier transformed to produce a pair distribution function (PDF), which can be interpreted as a histogram of the interatomic separations in the sample, weighted by scattering power and concentration of the constituent elements (Billinge & Egami, 2003) . The PDF can provide valuable insight into the local and medium-range order of a material, and is now commonly used for 'Rietveld-like' small-box modelling or for large-box reverse Monte Carlo (RMC) methods which aim to produce atomistic models that are consistent with both average and local structure (Playford et al., 2014) .
The collection of powder diffraction data in non-ambient conditions (under extremes of temperature or pressure, in magnetic or electrical fields, in reactive gas atmospheres etc.) dramatically widens the scope of the technique and provides important information about the behaviour of materials in a variety of real-world environments. Such measurements obviously pose greater technical challenges than standard diffraction experiments, but the insight gained from them is incredibly valuable.
High-pressure diffraction, in particular, can provide a unique opportunity to correlate structure and properties, as changes in magnetic, electrical or optical properties are also commonly observed as a result of the application of pressure. Developing knowledge of such correlations plays a crucial role in understanding the mechanisms underlying physical properties. High pressure can also be used for the synthesis of novel materials and, by correlating the changes in interatomic separation and coordination geometries to the applied pressure, can provide inspiration for the design of similar materials that can be synthesized at ambient pressure. In order to generate pressures in the gigapascal regime the sample volume must be small, and an enormous amount of success in this field, for both powder and single-crystal samples, has been achieved using diamond anvil cells (DACs) at high-intensity synchrotron X-ray sources (Eremets, 1997) . Despite the relatively low intensity of neutron sources, the design and development of the Paris-Edinburgh (P-E) pressure cell has enabled powder neutron diffraction to routinely reach pressures of $10 GPa (Besson et al., 1992) , and, through the use of more specialized equipment, pressures as high as $30 GPa can be achieved (Klotz et al., 1995) . At present, single-crystal neutron diffraction using the P-E press is limited to 16 GPa (Bull, Bocian et al., 2011; Bull, Guthrie et al., 2011) . Techniques for powder and single-crystal neutron diffraction at higher pressures than those currently accessible using a P-E press are still undergoing rapid development (Klotz, 2012; Binns et al., 2016) .
The combination of the techniques of total scattering and high-pressure diffraction requires a careful consideration of the experimental approach to ensure that usable data are obtained. Again, the most successful work in this area has been carried out in DACs at dedicated synchrotron beamlines where developments in cell and detector technology have helped to overcome practical challenges such as low signal-tonoise ratio and limited scattering aperture (Chapman et al., 2010) . The measurement of quantitative neutron total scattering data inside a P-E press was first demonstrated using samples of high-density amorphous ice and liquid water (Klotz et al., 2002; Strä ssle et al., 2006) , and more recently similar techniques have been applied to a variety of prototypical network forming glass systems (Salmon et al., 2012; Salmon & Zeidler, 2015) . The further extension of these techniques into measuring total scattering data from crystalline materials at high pressure has not yet, as far as we are aware at the time of writing, been reported.
In this work we demonstrate that the collection of highquality total scattering data from crystalline materials at high pressure can be achieved with only minor alterations to the experimental setup, and we present a simple data-processing scheme which can be carried out 'on-the-fly' to produce PDFs of comparable quality to those collected under ambient conditions that are suitable for detailed structural analysis.
Experimental
All of the data discussed in this work were collected using the PEARL beamline at STFC's ISIS Facility, the UK's spallation neutron source. PEARL is a high-flux medium-resolution instrument optimized for measurements using a P-E press (Bull, Funnell et al., 2016) . The samples used were readily available standard materials (nickel powder, quartz-type SiO 2 , GaPO 4 and glassy SiO 2 ). To extend the method to more complex materials, data were also collected from the monoclinic perovskite LaCo 0.35 Mn 0.65 O 3 , a material of interest for potential catalytic applications and interesting magnetic and electronic properties, whose synthesis and characterization have been described elsewhere Bull, Playford et al., 2016) . Datasets were initially collected from each sample in a 6 mm diameter cylindrical vanadium can to establish a benchmark for PEARL total scattering data and allow comparison with those from other instruments. For measurements in the P-E press, samples were pressed into roughly spherical pellets of $66 mm 3 volume, held in a null-scattering Ti-Zr gasket and loaded into the press, which was equipped with standard zirconia-toughened alumina (ZTA) anvils with a toroidal profile. Previous noncrystalline total scattering experiments on PEARL have tended to use the crystallographically simpler sintered diamond as an anvil material, which is far less neutron transparent but produces fewer contaminant Bragg peaks. Reduction in background signal was achieved using a 5 mm BN collimator and a thin cylinder of highly absorbing gadolinium foil located between anvil and seat. An example of this type of setup for the P-E press, including diagrams, is given by Salmon & Zeidler (2015) . Samples were measured under loads of 2, 25 and 50 tonnes. In addition to the samples, data were collected from a pellet of vanadium (under loads of 2, 25 and 50 tonnes) and for an empty gasket (at ambient pressure) for normalization purposes.
Raw scattering data were corrected for the effects of attenuation using a beamline-developed procedure (Bull, Funnell et al., 2016) . Normalization using a vanadium standard, conversion from time-of-flight to momentum transfer [Q = (4/)sin, where is half the scattering angle and is the wavelength of the incident neutrons], and subtraction of the contribution of the gasket and anvil assembly (by subtracting the data from a vanadium pellet at equivalent load) were carried out using MantidPlot (Arnold et al., 2014) . The total scattering function, SðQÞ, was produced using a multiplicative scaling factor such that the function tended to 1 at Q max ($20 Å
À1
). To simplify the data reduction procedure, we did not include a Placzek-like correction for inelasticity effects, noting that these effects are small as a result of the relatively high research papers incident neutron energies and lack of light elements in our samples (Placzek, 1952; Soper, 2009) . Similarly, we note also that datasets were not corrected for sample absorption, as the effect of this is small in comparison to the attenuation caused by the press itself. Furthermore, we made the assumption that any residual sloping background in SðQÞ, whatever the cause, would produce nonphysical features in the low-r region of the PDF, GðrÞ, that could be corrected using a Fourier filtering procedure (see below). As all PEARL data were processed in an identical manner, the resulting functions can be directly compared.
The PDF was obtained via Fourier transform of SðQÞ using the program StoG, distributed with the RMCProfile package (Tucker et al., 2007) . To correct the PDF for the effect of the missing low-Q data (as Q min = 1.53 Å À1 ) the low-Q region of SðQÞ was fitted with a linear function by extrapolating backwards from the first data point to the y axis. The region of the PDF below the first real interatomic distance (usually 0 < r < 1:4 Å ) was back-transformed and the resulting curve used to correct any sloping background present in SðQÞ. The final PDF was normalized using the density and composition determined from Rietveld refinement of the crystal structure to produce the function GðrÞ, which was subject to further analysis.
Results and discussion

Ambient total scattering measurements on the PEARL diffractometer
The main (2 ' 90 ) detector bank on the PEARL diffractometer has an accessible Q range of 1.53 to $20 Å À1 . When compared to instruments more commonly used for total scattering measurements, this is rather limited (for example, the Polaris diffractometer at ISIS can produce usable data in the range 0:5 < Q < 60 Å À1 ) (Smith et al., 2017) . A high Q max is required to obtain a PDF with good real-space resolution. Therefore, it is important to benchmark the capabilities of PEARL under ambient conditions and assess the effect of the limited Q range on the data. Fig. 1(a) shows a comparison of the PDF from a nickel pellet collected on PEARL with an equivalent dataset collected on Polaris. As can be clearly seen in Fig. 1(a) the effect of the smaller Q range of PEARL is slightly broadened peaks in the real-space function. Nevertheless, despite the PEARL measurement also intrinsically involving a smaller sample and a diffractometer with fewer detector modules, the datasets agree extremely well, indicating that PEARL can produce high-quality total scattering data across the accessible Q range. Fig. 1(b) shows several PDFs obtained from PEARL data from a variety of materials in vanadium cans. Points to note are that the real-space resolution is sufficient to resolve the splitting of the Ga-O and P-O peaks in GaPO 4 (Haines et al., 2006) , and the excellent agreement between the local structure of quartz SiO 2 and glassy SiO 2 (Keen & Dove, 1999) . It should also be noted that none of these measurements were carried out for longer than 2 h -which is significantly shorter than would normally be considered necessary to obtain good-quality total scattering data.
Total scattering inside the Paris-Edinburgh press
Loading a sample into the P-E press will obviously increase the level of non-sample scattering, since parts of the gasket and anvils are necessarily in the beam. Background scatter can be significantly reduced by careful collimation and the use of highly neutron-absorbing materials to shield components of the press. For crystalline samples, all data were initially analysed using Rietveld refinement, such that a crystallographic density could be obtained and used for normalization purposes, and to obtain a value for sample pressure using existing equations of state for the materials. Additionally it was found that the small contaminant peaks from the anvils could be accounted for by the inclusion of $3-6 wt% of -Al 2 O 3 , the major component of the ZTA composite. Fig. 2 shows a comparison of the raw data from nickel in the P-E press (under a typical applied sealing load of 2 tonnes, measured for a total of 7 h) and in a vanadium can (as described in the previous section).
It is clearly seen that the press introduces an additional, Q-dependent, sloping background, but because of the large coherent scattering cross section of nickel, the anvil reflections are barely visible. When appropriately normalized, the datasets show excellent agreement, despite some small artefacts visible in the baseline of the press data caused by the subtraction of the empty gasket contribution. The effect of these artefacts on the PDF, however, is negligible, as can be seen in Fig. 2(c) . The PDF measured inside the P-E press is almost identical to that measured in the vanadium can, which confirms that the cell does not necessarily cause insurmountable problems for the collection of usable total scattering data. Fig. 3 shows the SðQÞ from quartz SiO 2 at elevated pressure. At the level seen here, the small discrepancies in the regions of the non-sample Bragg peaks will not have an impact on the quality of the PDF once obtained.
Note that, for the P-E press measurements discussed so far, no pressure transmitting medium (PTM) has been used. This means that the samples do not experience hydrostatic conditions and exhibit strain broadening of their Bragg peaks at high pressures. It is possible to extract microstrain parameters from Rietveld refinement of the quartz data and deduce an apparent pressure gradient ÁP for each load. The values are 9 Â 10 À4 , 0.27 and 0.49 GPa for 2, 25 and 50 tonnes, respectively. These large values are unsurprising given that nonhydrostaticity is known to have a very strong influence on the Bragg peak widths of quartz (Angel et al., 1997) .
One of the most commonly used PTMs is a 4:1 mixture of deuterated methanol and ethanol, which is a strong scatterer of neutrons, and it is therefore extremely difficult to subtract its contribution from the measured data. An example dataset measured in an encapsulated TiZr gasket (Marshall & Francis, 2002) in the presence of methanol:ethanol is shown in Fig. 4 . The reduction in sample-to-background ratio is obvious, and the scattering from the liquid is clearly visible as a curved background. The sample peaks in the PDF are almost completely obscured by a very strong O-D peak at $1 Å and other low-r features from intramolecular correlations. With suitable background measurements it may be possible to correct the data for the presence of a pressure transmitting medium, but this would be far from straightforward (a) Comparison of raw data from nickel in the P-E press and in a vanadium can. The P-E press data have been multiplied by a factor of 9 to put them on a comparable scale. The increased background level caused by the press is clearly seen. (b) Close-up comparison of the baseline of the normalized S(Q) showing the small artefacts caused by the subtraction of the empty Ti-Zr gasket. (c) The quantitative agreement between the PDFs extracted from the above S(Q). The functions have been normalized such that the area of the first peak is identical in both cases, and corresponds to the expected first-nearest-neighbour correlation number of 12 (Hull, 1917) . experimentally and would greatly increase the time required to collect a full set of data.
Assessment of data quality
There is no single accepted method for assessing the quality of total scattering data, as it is highly sample and experiment dependent. The data requirements for an experiment attempting to produce a detailed atomistic model of a complex system will be rather different from those for one simply aiming to track changes in bond length as a function of pressure. The most general requirements are for data which are dominated by the sample and not by noise or Fourier termination ripples, and which can be modelled to obtain structural information. Fortunately, when dealing with crystalline materials there are several advantages over noncrystalline materials that can, and should, be exploited. As described earlier, the Bragg peaks from quartz SiO 2 are significantly strain broadened at higher pressures. However, the diffraction pattern as a whole can still be accurately described by the same crystalline structure. As obtained from Rietveld refinement, the average Si-O bond lengths remain almost identical, while the inter-tetrahedral Si-O-Si angle reduces significantly with pressure, in agreement with previous reports (Hazen et al., 1989; Prakapenka et al., 2004) . Fig. 5 shows the PDFs obtained from quartz SiO 2 at 2, 25 and 50 tonnes (with sample pressures of 0, 0.5 and 2.1 GPa, as determined from a previously published equation of state; Angel et al., 1997) . It can be seen that the short-range structure in each case is maintained, as would be expected given the rigid nature of the [SiO 4 ] tetrahedra. In the higher-r region of the PDF the contraction of the unit cell is clearly seen as a shift to lower r. The effect of strain broadening of the Bragg peaks is an increased damping of the PDF, which makes the features at higher r harder to resolve in the 2.1 GPa dataset. The reason for this can be understood if the broadening is considered to be the result of the convolution of some intrinsic Bragg peak width with a strain distribution that is approximately Lorentzian. The resulting Fourier transform is simply the multiplication of the 'undistorted' PDF with an exponential function. The broader the Lorentzian function, the steeper the exponential decay. A Q-dependent function describing the magnitude of Bragg peak broadening could be used to determine a correction to the amplitude of the PDF, but such a discussion is beyond the scope of the present work.
Despite each dataset having been Fourier transformed using the same Q max , some broadening is noticeable in the first PDF peak at higher loads. It is possible that increased pressure distorts the tetrahedra and produces a broader distribution of bond lengths. A similar broadening is seen in previously published data from SiO 2 glass (see e.g. Zeidler et al., 2014; Salmon & Zeidler, 2015 , and references therein). An earlier X-ray total scattering study on SiO 2 glass reported little change in the Si-O separation at pressures below 10 GPa, and the observed volume compression was accommodated through bending of the inter-tetrahedral Si-O-Si angles (Meade et al., 1992) . Because only the Si-O correlation contributes to the first PDF peak it is possible to calculate a coordination number to confirm that the data normalization is correct (Fig. 6 ), as we would not expect this value to deviate from 4 in this pressure regime. Traditional ambient neutron total scattering experiments tend to involve measurements of 6-8 h in length, in order to ensure that the statistical quality of the data at high Q is sufficiently good. For a strongly scattering sample, far shorter measurements may be possible. Total scattering studies of liquids and amorphous materials at high pressure tend to involve far longer data collections, up to and including 24 h measurements. This precludes the routine or exploratory use of the technique. The PDF of quartz SiO 2 measured at different pressures. The y scale in (b) has been reduced to aid visibility of the features at higher r.
Figure 4
Total scattering data collected from the same sample with and without a pressure transmitting medium. The reduction in data quality and the large background signal from the liquid are obvious. Note that the y axis contains a break to improve visibility of the background levels. The inset shows the equivalent PDFs, which reveal how the contribution from the PTM dominates the scattering.
2.1 GPa), measured for 8, 14 and 23 h, and it is clear that the longer measurements offer no advantage in terms of data quality over the shorter. Note that this is not the result of data quality being limited by the statistics of the background measurements, as the vanadium sphere was measured for 22 h at each pressure point. Furthermore, as seen in the lower panel of Fig. 7 , using far shorter background measurements does not alter the resulting PDF. The observation that an 8 h measurement, especially at relatively high pressure, provides acceptable data is unprecedented and vastly increases the usability of the method. It should be noted that measurements shorter than 8 h may also be acceptable depending on the sample, the pressure and the subtlety of the structural features being explored.
3.3.1. RMC refinement of PEARL data. As mentioned in the preceding section, the ability to extract useful structural information from measured total scattering data is perhaps the most important criterion for assessing quality. Fig. 8 shows the results of an RMC refinement of the structure of nickel against the data shown in Fig. 2 . As this material is highly crystalline, it is of great importance that the structural model accurately reproduces both the average and the local structure. This is achieved by the inclusion of the Bragg pattern alongside the total scattering data in the refinement using the program RMCProfile (Tucker et al., 2007) .
While it serves as an ideal test material, Ni has an extremely simple structure and it is important that PEARL total scattering data can also be used to study more complicated structures, especially when collected under load. Fig. 9 shows results from RMC refinements of the structure of quartz SiO 2 against data collected at 0, 0.5 and 2.1 GPa.
Satisfactory fits to all datasets are obtained. The refinements were run with a 'distance window' constraint on the Si-O nearest-neighbour distances to maintain network The Si-O peak in quartz SiO 2 at (a) 0, (b) 0.5 and (c) 2.1 GPa. The red traces represent a cumulative coordination number which has reached the expected value of 4 at the edge of this peak.
Figure 7
Upper panels: comparison of S(Q) and PDF data from quartz SiO 2 at 50 tonnes, measured for 8, 14 and 23 h. Lower panel: comparison of 8 h dataset corrected using an 8 h vanadium pellet 'background' with the same data corrected using a 22 h 'background'. Results of RMC refinement of the structure of Ni against PEARL data measured inside the P-E press. This refinement used a 10 Â 10 Â 10 supercell containing 4000 Ni atoms and was run for a total of 4 h ($70 000 accepted moves). No constraints were used except a 'minimum distance' constraint preventing pairs of atoms approaching each other more closely than 2.2 Å , in accordance with the first peak in the PDF. (a) Shows the fit to the Bragg data, and (b) the fit to the PDF. In both cases, the dark-grey circles represent experimental data, the red lines the RMC calculated functions and the black lines the difference. Finally, (c) illustrates the resulting atomic configuration and (d) the condensed unit cell, showing that the average face-centred cubic structure has been maintained. connectivity (by disallowing moves that place Si-O pairs at a distance of less than $1.4 Å or greater than $1.8 Å ) and the Bragg data ensuring that the crystalline average structure was protected. The extraction of the inter-tetrahedral angle distributions from the refined configurations shows both a contraction in the average angle and a broadening of the overall distribution at 2.1 GPa. The results of these test refinements show that PEARL data are indeed of sufficient quality for RMC analysis and the production of atomistic models.
3.4. The PDF of LaCo x Mn 1Àx O 3 (x = 0.35) at high pressure So far the samples discussed in this manuscript have been simple, well characterized standards used as proof of concept to develop a data reduction strategy and assess its quality. For the technique to have wider applications within the scientific community, it must be demonstrably possible to gain insight into the structures of more complex materials. To this end, we collected data from a monoclinic perovskite, LaCo 0.35 -Mn 0.65 O 3 , again at applied loads of 2, 25 and 50 tonnes (approximate pressures, obtained using the equation of state for the x = 0.33 perovskite , are 0.400, 0.404 and 0.661 GPa, respectively). It is immediately obvious from Rietveld refinement that the monoclinic structure undergoes a gradual transformation to a rhombohedral one as the load is increased, but this experiment did not reach a sufficiently high pressure to complete the transformation. In the monoclinic phase, a c-axis contraction occurs concurrently with expansion of the a and b axes, and the cell volume changes very little. The PDFs obtained from these data are shown in Fig. 10 , overlaid with the correlations predicted by the monoclinic crystal structure.
The local structure of this material is complex, with many overlapping correlations. Nevertheless, several interesting observations can be made. In all of the datasets, the Mn-O bond is observed at $1.85 Å , somewhat lower than that predicted by the crystal structure. This feature does not appear to change dramatically on application of pressure. A clear feature in the 2 and 25 tonne datasets at close to 3.2 Å can be assigned to a long La-O bond that is unique to the monoclinic crystal structure of this material. The noticeable reduction in its intensity in the 50 tonne dataset can therefore be attributed to the growth of the rhombohedral phase. The reduction of the feature at 2.4 Å is more difficult to explain, as this correlation is also found in the rhombohedral phase. Some of the features in all three datasets will inevitably be affected by Fourier artefacts, but the observation of similar differences in PDFs obtained using a smaller Q max (Fig. 10c) Results of RMC refinement of the structure of quartz SiO 2 at 0, 0.5 and 2.1 GPa against PEARL data. The refinement used a 6 Â 6 Â 6 supercell containing 1944 atoms and was run for a total of 10 h. A 'distance window' constraint was used to ensure that the network connectivity was maintained. (a) Shows the fits to the PDF and (b) the fits to the Bragg data. In both cases, the dark-grey circles represent experimental data and the red lines the RMC calculated functions. Panel (c) shows the extracted Si-O-Si angle distributions and (d) the extracted Si-O partial correlation functions.
system is beyond the scope of this paper. However, these observations alone show that there is great potential for obtaining valuable structural information from crystalline total scattering at high pressure.
Conclusions
In this work we have shown that total scattering data can successfully be obtained from crystalline materials inside a Paris-Edinburgh press at high pressure. Data collection required only minor adaptations to the standard experimental setup, such as the use of Gd foil to shield extraneous scattering from the press. A simple data-processing scheme has been presented which involves scaling and subtraction of the contribution from the empty assembly and normalization to vanadium, and then exploits the knowledge of the crystallographic composition and density to ensure that the normalized PDF is consistent with existing structural information. We have assessed the counting time required to obtain acceptable data, and from relatively weakly scattering quartz SiO 2 at a pressure of 2.1 GPa we see no advantage in collecting for longer than 8 h. An example of a reverse Monte Carlo refinement of the structure of nickel against PEARL data is shown, to demonstrate that the data are of excellent quality and can produce accurate structural models for crystalline materials. Finally, the PDFs from the perovskite LaCo 0.35 Mn 0.65 O 3 were discussed, showing that structural changes are clearly visible on a local scale despite the complexity of the structure.
